A single catalytic site model is proposed to account for the multiphasic kinetics of oxidation of ferrocytochrome c by cytochrome c oxidase (ferrocytochrome c:oxygen oxidoreductase, EC 1.9.3.1). This model involves nonproductive binding of substrate .to sites near the catalytic site on cytochrome c oxidase for cytochrome c, decreasing the binding constant for cytochrome c at the catalytic site. This substrate inhibition results in an increase.in the first-order rate constant for the dissociation of the ferricytochrome c-cytochrome c oxidase complex, the rate-limiting step in the steady-state turnover of electrons between cytochrome c and cytochrome c oxidase in the spectrophotometric assay, yielding increases in the initial rate as well as the Michaelis constant-namely, multiple kinetic phases. (2) and Borei (3) proposed that the reaction involved the formation of an enzyme-substrate complex. In 1949, Slater (4) confirmed and extended the observations of these authors, demonstrating that at any single concentration of enzyme [provided in the form of a KeilinHartree heart muscle particle preparation (5)], the kinetics indeed fit the Michaelis-Menten relation. However, the oxidation of ferrocytochrome c monitored spectrophotometrically (namely, in the absence of any added reducing agent) was generally observed to follow a first-order time course (6-13). Because the observed first-order rate constants decrease with increasing cytochrome c concentration rather than remaining unchanged, as one would expect for a simple bimolecular collisional mechanism with no precursor-pair formation, Smith and Conrad (13) suggested that the hyperbolic dependence of the initial velocity on cytochrome c concentration was due to inhibition of the reaction by cytochrome c itself.
The kinetics of oxidation of ferrocytochrome c by mitochondrial cytochrome c oxidase (ferrocytochrome c:oxygen oxidoreductase, EC 1.9.3.1; also called cytochrome oxidase) have been under investigation since 1930. Two major problems appear to have remained at the origin of continued disagreements on the interpretation of the well-established kinetic behavior. The first is that, even though the dependence of the initial velocity on the concentration of ferrocytochrome c under a variety of conditions follows the Michaelis-Menten relation, under certain conditions the time course for the reaction is strictly first order. Thus, Keilin (1) observed that the reaction with cytochrome oxidase exhibited a hyperbolic dependence on substrate concentration. Subsequently, Stotz et al. (2) and Borei (3) proposed that the reaction involved the formation of an enzyme-substrate complex. In 1949, Slater (4) confirmed and extended the observations of these authors, demonstrating that at any single concentration of enzyme [provided in the form of a KeilinHartree heart muscle particle preparation (5) ], the kinetics indeed fit the Michaelis-Menten relation. However, the oxidation of ferrocytochrome c monitored spectrophotometrically (namely, in the absence of any added reducing agent) was generally observed to follow a first-order time course (6) (7) (8) (9) (10) (11) (12) (13) . Because the observed first-order rate constants decrease with increasing cytochrome c concentration rather than remaining unchanged, as one would expect for a simple bimolecular collisional mechanism with no precursor-pair formation, Smith and Conrad (13) suggested that the hyperbolic dependence of the initial velocity on cytochrome c concentration was due to inhibition of the reaction by cytochrome c itself.
That this was not the only possible explanation of these kinetics followed from Minnaert's (14) elegant analysis, in which it was shown that a first-order time course could arise from equal binding of ferro-and ferricytochromes c to cytochrome oxidase, with ferrocytochrome c forming a productive complex while ferricytochrome c acted as a competitive inhibitor. This hypothesis was supported by Yonetani and Ray (15) , who demonstrated that (i) under conditions in which first-order kinetics are observed, the K1 for ferricytochrome c is the same as the apparent Michaelis constant for ferrocytochrome c and (ii) at more alkaline pH values, where the kinetics deviate from a first-order time course, the K1 for ferricytochrome c is no longer equal to the apparent Km for the reaction.
Indeed, inspection of the Michaelis-Menten equation, which takes into account binding of product to the enzyme, leads to the expression: dp _ Vmax 15= kobS, dt LKm + (s + P)
when Km is a good approximation of Ks, the equilibrium substrate binding constant, and the binding of substrate and product are equivalent, namely K, = Kp (16) . Thus, kobs is a first-order rate constant that is distinguishable from an ordinary first-order rate constant because it is a function of s + p, the total concentration of substrate and product. This explains the observed decrease in kbs with increasing cytochrome c concentration and its dependence on the total concentration of cytochrome c (13, 17) rather than on that of the ferric or ferrous protein. Clearly, the conclusions that this behavior is not that of a Michaelis-Menten system and that, for such a system, one would necessarily observe a deviation from a first-order time course (17) are unwarranted.
Although this analysis is able to explain the observed pseudo-first-order kinetics, it is unable to account for several experimental results that constitute the second major obstacle to a simple interpretation of the kinetic behavior of cytochrome oxidase. This comprises the continued increase in rate at high concentrations of cytochrome c (18) and the variability of the Michaelis constant, which was found to be dependent on the range of substrate concentrations used (18, 19) . To explain these anomalies, Nicholls suggested (18) the simultaneous reaction of a second molecule of cytochrome c with cytochrome oxidase. That this indeed appeared to be the case followed from the observation of clearly biphasic kinetics as monitored by a polarographic assay using N,N,N',N'-tetramethylphenylenediamine (TMPD) and ascorbate as reductants (20) . On this basis Ferguson-Miller et al. (20) proposed the existence of two catalytic sites on cytochrome oxidase for cytochrome c. The Michaelis constants for the high-and low-affinity phases of the reaction, determined under low ionic strength conditions (25 mM Tris acetate, pH 7.8), are 2 x 10-8 M and approximately 10-6 M, respectively (20) . Because tTo whom reprint requests should be addressed.
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is small, it can only be observed at low cytochrome c concentrations, which are within the experimental range for the polarographic assay but difficult to attain spectrophotometrically. Thus, it was only recently, with the advent of sensitive spectrophotometers, that the presence of a high-affinity phase of the reaction could be confirmed spectrally (17, 21, 22) .
That a second molecule of cytochrome c can react with the high-affinity cytochrome c-cytochrome oxidase complex has been further substantiated by analysis of the presteady-state kinetics (23) . The time course of the rapid kinetic oxidation of ferrocytochrome c by purified cytochrome oxidase does not fit a single exponential when cytochrome c is in slight excess. This may result from a change in the process that is rate limiting or, alternatively, from the reaction of more than one molecule of substrate with the enzyme. Several studies have concluded that the rate constant for the dissociation of the high-affinity cytochrome c-cytochrome oxidase complex is small under low-ionic-strength conditions (<25 mM), with values ranging from 2 to 10 s-1 (24, 25) . The reaction of a second molecule of cytochrome c with the high-affinity cytochrome c-cytochrome oxidase complex is much faster under most conditions than the rate of dissociation of this complex, consistent with the proposed existence of a second catalytic site for cytochrome c on the enzyme (23) .
In addition, equilibrium binding measurements with a partially phospholipid-depleted cytochrome oxidase preparation demonstrated that two molecules of cytochrome c bind to cytochrome oxidase with different affinities (20) . The apparent dissociation constants determined from a Scatchard analysis have values similar to the apparent Km values determined polarographically for the two phases of the reaction (20, (26) (27) (28) . This close correlation between the Michaelis constants for the reaction and the binding constants was observed also for the reaction of a number of chemically modified cytochromes c displaying a wide range of affinities and reactivities (27) .
The domain on the surface of cytochrome c that is involved in both the high-and low-affinity reactions has been mapped by steady-state and presteady-state kinetic analyses with a series of singly substituted lysine derivatives of horse cytochrome c (26, 27, 29) . Although an early analysis of steady-state data had indicated that the high-and low-affinity domains were different (26), a careful, rapid kinetic study demonstrated that both the high-and low-affinity reactions utilize the same interaction domain on the surface of cytochrome c (29) . Thus, they only can be distinguished on the basis of affinity and not mechanistically, at least at the level of cytochrome c. The nature of the interaction domains/catalytic site(s) on cytochrome oxidase has only been partially resolved. Several studies of covalent cytochrome c-cytochrome oxidase complexes indicate that the "high-affinity" binding site for cytochrome c on cytochrome oxidase is the only catalytic site (30) (31) (32) (33) (34) . Although some ambiguous results have been obtained (see Discussion), it is generally accepted that crosslinking of a single molecule of cytochrome c to either subunit II or III of purified oxidase completely blocks electron transfer from exogenously added ferrocytochrome c. Whereas the binding of the first molecule of cytochrome c appears to be to subunit II (30-34) (and possibly III) of cytochrome oxidase, the binding of a second molecule may be to phospholipid associated with the complex (32) . Vik et al. (35) showed that extraction of the tightly bound cardiolipin from purified cytochrome oxidase can abolish the low-affinity phase of the reaction while maintaining some high-affinity activity. Furthermore, the steadystate oxidation of cytochrome c by mitochondrial membrane-bound cytochrome oxidase, monitored spectrophotometrically, has been shown to exhibit kinetics with more than one low-affinity phase (20, 36) . This observation has been partially reproduced by reconstitution of purified cytochrome oxidase into phospholipid vesicles (36) . In the light of these results, the existence of a second catalytic site on cytochrome oxidase for cytochrome c is questionable and would not account for the additional low-affinity kinetic phases with membrane-bound cytochrome oxidase.
We propose here a single-catalytic-site kinetic model that can readily explain the observed multiphasic steady-state oxidation of cytochrome c by cytochrome oxidase. A preliminary account of this work has appeared (37).
EXPERIMENTAL PROCEDURES Cytochrome c. Horse cytochrome c-was prepared by the procedure of Margoliash and Walasek (38) as modified by Brautigan et al. (39) . Prior to enzymic assay, the cytochrome c was fully reduced with minimal dithionite and chromatographed on Sephadex G-50 superfine (Pharmacia) in 100 mM Tris-acetate (pH 7.5) to separate any polymeric material (26) . When necessary to ensure that a fully reduced preparation of depolymerized cytochrome c was obtained, the cytochrome c was reduced again with dithionite, passed over a small Sephadex G-25 column that had been pretreated with a buffer containing 1 mM ascorbic acid, and thoroughly washed to remove the reducing agent. This material was appropriately diluted and stored at -80'C.
Purified Cytochrome c Oxidase. Beef cytochrome c oxidase was prepared by the method of Hartzell and Beinert (40) . The enzyme was stored at a concentration of about 0.6 mM in liquid nitrogen. Prior to assay, fresh enzyme was diluted into 100 mM Tris-acetate (pH 7.25) containing 0.2% dodecyl D-maltopyranoside (Calbiochem), 0.2% Tween 20 (Sigma), 1 mM EDTA, and 50% (vol/vol) glycerol. The enzyme could be stored at a concentration of 1 ,uM at -20°C for several weeks without any detectable loss of activity. Storage of more dilute oxidase was avoided.
KINETIC MODEL Spectrophotometric Assay Model. As discussed above, the existence of high-and low-affinity kinetic phases for the steady-state oxidation of ferrocytochrome c by cytochrome oxidase has been established both by the ascorbate/TMPD polarographic assay and by a spectrophotometric assay. In the former assay, cytochrome c is kept reduced by ascorbate and TMPD, and the steady-state rate of consumption of molecular oxygen as a function of cytochrome c concentration is followed; in the latter assay, the rate of conversion of ferro-to ferricytochrome c is monitored directly. The spectrophotometric kinetics are more conducive to a steady-state rate analysis because of the simplicity of the system as compared with the polarographic kinetics, which involve the additional substrates ascorbate and TMPD.
A single-catalytic-site scheme, based on a form of substrate inhibition, is outlined in Fig. 1 . As previously mentioned, the rate-limiting step, under low-ionic-strength conditions, in the steady-state oxidation of ferrocytochrome c by cytochrome oxidase is the rate of dissociation of the ferricytochrome c-cytochrome oxidase complex (24, 25) . The most definitive evidence in this regard is that the presteadystate reaction of purified ferrocytochrome cl with the ferricytochrome c-cytochrome oxidase complex is first order, yielding a rate constant of 2.5 s-1 in 5 mM phosphate (pH 7.0) (25) , which is at least 2 orders of magnitude slower than the pseudo-first-order rate constant for the reaction of purified ferrocytochrome cl with ferricytochrome c under the same conditions (23 and also an increase in the turnover rate, constituting a lower-affinity kinetic phase, unless the decrease in binding affinity is so large as to lead to an overwhelming decrease in the concentration of the enzyme-substrate complex.
The kinetic scheme in Fig. 1 shows two tiers corresponding to two kinetic phases; as illustrated, it can be extended to accommodate any number of kinetic phases. This mechanism will provide multiple phases as long as the rate of dissociation of product bound at the catalytic site is rate-limiting.
However, nonproductive binding of substrate or product near the catalytic site will not only increase the rate of dissociation of product from the catalytic site but also will decrease the bimolecular association rate constant for the binding of substrate. When the latter becomes rate-limiting, no further increase in rate will occur on increasing the concentration of substrate, and classical substrate inhibition should be observed.
Also necessary for the scheme in Fig. 1 is the assumption that product or substrate bound at the catalytic site is in rapid equilibrium with product or substrate bound near the cata- Fig. 1 does not take into consideration the various possible oxidation states of cytochrome oxidase, each of which may differ in the rate at which it can accept electrons from cytochrome c. However, it appears unlikely that this is significant for the mechanism of the reaction of cytochrome c with cytochrome oxidase. Indeed, during steady-state, each molecule of the enzyme turns over many times, so that the effective overall rate is a hybrid of the rates with the several forms of the oxidase. Furthermore, because the electron transfer rate within the enzyme-substrate complex is likely to be very fast as compared with the rate of either association or dissociation of cytochrome c and the enzyme, for the purpose of deriving an initial steady-state rate expression, one can simplify the kinetic scheme further, as follows:
In this simplified scheme, the product terms have been removed as required for an initial steady-state analysis. This expression is the one derived for a biphasic reaction and should apply to the reaction of ferrocytochrome c with purified cytochrome oxidase. From a consideration of the wealth of data that have been obtained from presteady-state and steady-state kinetic analyses along with equilibrium binding measurements, it was possible to simulate the expected kinetics of reaction based on the rate expression given above. We have assumed equivalent binding affinities for substrate and product to the enzyme. The values used for the individual rate constants were taken to be as follows: k, = and k6 were optimized to fit the observed turnover values, assuming that k6 is similar in value to k5 and noting that the product of the equilibrium constants K4K6 must equal K1K5. The resulting computer-generated curve is shown in Fig. 2 , along with experimental data obtained for the reaction of cytochrome c with purified cytochrome oxidase.
DISCUSSION
The question of the number of catalytic sites on cytochrome oxidase for ferrocytochrome c remains unresolved. Several lines of evidence are consistent with the presence of only a single catalytic site (30, 34) and are difficult to reconcile with a two-site model (20, 26) . Disulfide crosslinking of yeast iso-1 cytochrome c through cysteine-103 to subunit III of yeast cytochrome oxidase is able to block electron transfer from exogenous ferrocytochrome c (30, 33) . Disulfide crosslinking of yeast iso-1 cytochrome c to beef cytochrome oxidase has been reported to yield a 1:1 complex exhibiting no activity with added ferrocytochrome c when monitored spectrophotometrically, although in the polarographic ascorbate/ TMPD assay, the rate of oxygen consumption increased when free cytochrome c was added to the preparation (34) . The significance of the latter observation is questionable because, in the presence of the large excess of reducing agent used in the polarographic assay, the disulfide crosslink may not be stable. Moreover, in our hands, attempts to generate this material yielded mixtures containing various proportions of cytochrome oxidase carrying two molecules of disulfide-linked iso-1 cytochrome c per cytochrome aa3 and unmodified cytochrome oxidase, which could be separated by gel filtration because of aggregation of the former. In addition, crosslinking of horse cytochrome c to subunit II of beef oxidase through a photoaffinity-labeled lysine 13 completely blocks electron transfer to the enzyme (31, 32) . Furthermore, this complex did not exhibit any activity in the ascorbate/TMPD polarographic assay, in contrast to the results reported for the yeast iso-1 cytochrome c disulfide-crosslinked beef cytochrome oxidase.
Binding of cytochrome c to phospholipid has been implicated in the low-affinity activity of cytochrome c with purified cytochrome oxidase (32, 35) . Extraction of the tightly bound cardiolipin depletes the low-affinity phase of the reaction, although the activity of the high-affinity phase also decreases. The Vmax of preparations exhibiting no low-affinity kinetics was reported to be about 25% of that of the untreated enzyme. There are two possible explanations for the decrease in activity of the high-affinity phase: (i) the extraction of the tightly bound cardiolipin involves treatment with 5% Triton X-100 that may denature a fraction of the oxidase, or (ii) the maximal velocity of the high-affinity phase, which is determined in the ascorbate/TMPD polarographic assay by the rate of TMPD reduction of the cytochrome c-cytochrome oxidase complex (28) , may be sensitive to the phospholipid environment of the oxidase. The latter explanation is consistent with the disparity in the rate of turnover between purified and Keilin-Hartree particle cytochrome oxidase observed in the ascorbate/TMPD assay (21) . The membrane-bound cytochrome c-cytochrome oxidase complex appears to be more rapidly reduced by TMPD, suggesting that the phospholipid environment may indeed be important for this reaction.
Additional evidence for phospholipid binding of cytochrome c being involved in the low-affinity reactions with cytochrome oxidase has been provided by reconstitution experiments (36) . Incorporation of purified cytochrome oxidase into acidic phospholipid vesicles was able to recover partially the pronounced low-affinity kinetics of the inner mitochondrial membrane-bound enzyme. The question remains, however, whether ferrocytochrome c bound to phospholipid site(s) is catalytically active. This seems unlikely, primarily because in almost all cases no activity is exhibited by covalent 1:1 protein-to-protein complexes of cytochrome c and cytochrome oxidase in the presence of added free cytochrome c. The alternative is that binding of cytochrome c to phospholipid or to protein sites near the catalytic site is noncatalytic but does influence the binding of cytochrome c at the catalytic site, leading to the observed multiphasic kinetics.
Evidence for interaction between the high-and low-affinity binding sites has been obtained from rapid kinetic studies on the reaction of horse cytochrome c with a 1:1 complex of human or horse ferricytochrome c and purified beef cytochrome oxidase (28) . It was shown that human cytochrome c has a higher affinity for beef cytochrome oxidase than has horse cytochrome c. The reaction of a second molecule of cytochrome c with the cytochrome c-cytochrome oxidase complex should be unaffected by the presence of the cytochrome c bound at the high-affinity site if the sites are noninteracting. However, when human cytochrome c was bound at the high-affinity site, the "on" constant for horse cytochrome c was decreased by a factor of 5 as compared to the reaction with the horse cytochrome c-beef cytochrome oxidase complex (28) . This clearly demonstrates that the lowaffinity reaction with purified cytochrome oxidase is influenced by the cytochrome c bound at the high-affinity site.
A model for the reaction of cytochrome c with cytochrome oxidase that is intermediate between single-and two-catalytic-site schemes was proposed by Wilms et al. (25) . This model assumes that the postulated high-and low-affinity sites on cytochrome oxidase are not spatially distinct domains on the protein complex but rather are represented by a single negatively charged catalytic site that can react with two molecules of cytochrome c. The high-affinity binding of one molecule makes the binding of the second of lower affinity. This scheme makes it difficult to account for several low-affinity kinetic phases and, as discussed above, there is so far no Proc. NatL Acad. SeL USA 81 (1984) evidence to indicate that the first molecule of cytochrome c has anything but a rather specific binding site on the oxidase.
Errede and co-workers (17, 41) have described several two-catalytic-site models for the cytochrome oxidase spectrophotometric assay. As an additional alternative, they suggest that a second molecule of cytochrome c may react in a self-exchange reaction with the first molecule of cytochrome c bound to the oxidase (41), rather than reacting at a second catalytic site. However, the mechanism used by this singlecatalytic-site model does not appear to operate, as demonstrated by Veerman et al. (23) . Indeed, with porphyrin cytochrome c, which is incapable of transferring an electron, bound in a high-affinity 1:1 complex with the enzyme, the rate constant for the reaction of a molecule of ferrocytochrome c is indistinguishable from that determined for the system with native ferricytochrome c bound to the oxidase. This clearly precludes any inter-cytochrome c self-exchange reaction having a significant part in the electron-transfer process.
In a recent analysis of the presteady-state reaction of horse cytochrome with anaerobic cyanide-inhibited purified beef cytochrome oxidase, Antalis and Palmer (42) found that there is no distinction between the kinetics of reaction of the first and second molecules of ferrocytochrome c with the enzyme under low-ionic-strength conditions (50 mM). This result is in direct contradiction with those of van Gelder and co-workers (23, 25, 28, 43) , who have observed that: (i) the reaction of ferrocytochrome c with the ferricytochrome c-aerobic cytochrome oxidase complex under low-ionicstrength conditions (25 mM) yields a measurable bimolecular rate constant of 3.5 x 107 M-l s-1, whereas the reaction of ferrocytochrome c with free aerobic cytochrome oxidase is completed within the mixing time of the stopped-flow apparatus (23, 28) ; and (ii) as one decreased the ionic strength from a high value (250 mM), the bimolecular rate constant for the reaction of ferrocytochrome c with cytochrome oxidase increased to the point at which it became unmeasurable at an ionic strength of about 60 mM (7 x 107 M-.s-1), whereas, at even lower ionic strengths, a much slower reaction was apparent (2.5 x 107 M-1-s-1 at an ionic strength of 18 mM) that also increased with decreasing ionic strength. Both these experiments demonstrate that the reaction of the first molecule of cytochrome c with cytochrome oxidase is clearly different from the reaction of the second molecule. The discrepancy between these studies may stem from a possible fundamental difference between aerobic and anaerobic cytochrome oxidase. Because the results of van Gelder and co-workers (23, 25, 28, 43) correlate well with the steady-state parameters, the values for the various rate constants these authors obtained were used in the above simulation of the cytochrome c-cytochrome c oxidase reaction.
In summary, it seems clear from recent evidence that binding of cytochrome c to acidic phospholipid is involved in the low-affinity kinetics of oxidation of cytochrome c by cytochrome oxidase. This binding or a similar type of binding to protein does not need to be catalytic but rather can play a regulatory role in which it alters the binding affinity for the substrate at the catalytic site, making it possible for a singlecatalytic-site model to account for the observed multiphasic kinetics.
